Abstract-Aiming at the problem of blind estimation of Pseudo-random (PN) sequences in multi-user long scrambling code direct sequence spread spectrum (LSC-DSSS) signals, in this paper, we proposed a novel PN sequences estimation method based on Fast-ICA algorithm and third-order statistics. The received signal is firstly divided twice into segments and then the segments are transformed into several array signal block matrixes based on the periodicities of scrambling codes and spreading codes. Every user's PN sequence is separated segment-by-segment using Fast-ICA algorithm, and those segments are assembled sequentially into fuzzy sequences.
thus, it is one of the most important methods widely used in the field of blind parameter estimation in multi-user signals [1] [2] [3] . Due to the independence of the PN sequences used in multi-user DSSS signals, Independent Component Analysis (ICA) is often used in separating PN sequences of each user's [4] . Shen [5] utilized ICA algorithm to separate every user's signal from the multiuser SC-DSSS signal in multi-paths, and estimated the spreading codes through their triple correlation functions. For multi-user SC-DSSS signals with multi-rates, Ren [6] proposed a PN sequence method combining iterative dimension-increased method and Fast-ICA algorithm. The reference [7] proposed a Fast-ICA based method for the spreading code estimation of virtual multi-user LC-DSSS signals. In reference [8] , the Viterbi algorithm is used to search the possible pseudo random codes satisfying the maximum likelihood. The reference [9] proposed blind multiuser spreading sequences estimation algorithm for the LC-DS-CDMA signals, which divides the spreading sequences into multiple short-time windows. However, the criterion of determining the segmentation length is not considered. On the basis of the work of reference [9] , the segmentation length criterion is proposed, which is suitable for both LC-DSSS signals and LC-DS-CDMA signals [10] .
As each user in multi-user LSC-DSSS signals has two PN sequences serving as the spreading code and scrambling code respectively, the published methods concerning spreading code estimation in DSSS signals cannot be applied in LSC-DSSS signals effectively. Tripe correlation theory is insensitive to the loss of signal features [11] , and can reveal more information compared with second-order statistics, thus it has received worldwide attention from researchers. Nowadays, the spreading code estimation methods of DSSS signals based on triple correlation theory have been well studied [12] , [13] , and there are also some research results published on the PN sequences estimation methods of LSC-DSSS signals using third-order statistics [14] [15] [16] [17] [18] .
However, due to the extremely complex signal structures of multi-user LSC-DSSS signals, currently there is less published research output regarding the blind estimation technique for estimating the PN sequences of multi-user LSC-DSSS signals.
In order to solve this challenging problem, in this paper, the periodicities of the spreading code and scrambling code is used to build the array signal block matrixes from the received multi-user LSC-DSSS signal. The Fast-ICA algorithm [19] is then used to separate the PN sequences of different users'. After the separation of signal sub-segments, triple correlation theory is involved to estimate every user's scrambling code, and a PN sequences estimation method based on Fast-ICA and third-order statistics is proposed finally.
The reminder of this paper is organized as follows, section II introduces the signal model of multi-user LSC-DSSS signal. The blind estimation method is described in detail in Section III. Simulation and analysis are presented in Section IV and this paper is concluded by Section V.
II. SIGNAL MODEL
Firstly, let us consider a synchronized multi-user LSC-DSSS signal with a certain carrier frequency. By sampling the received signal with the chip rate of spreading codes, the i-th user's base-band signal can be expressed as following, ( , ) ( ( 1) ) ( ( 1) ) ( ( 1) )
where ( ( 1) 
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dv is the i-th user's data symbol in the v-th block of the z-th array signal segment; ( , ) i s v a denotes the a-th chip of the i-th user's mixing PN sequence in the v-th block, which is defined as ( , ) ( ) ( ( 1) )
According to the Fast-ICA algorithm in reference [19] , firstly, the matrix () v  should be whitened before the following processing, so we calculate () v  's covariance matrix: 
The dimension of () v x is s ML . Then, the separation
is estimated by setting an initial value for every () i v y and iterating () i v y as equation (9) till converging, 
The nonlinear function () gx used should be 
As we can see in equation (10), the v-th sub-segment of the i-th user's mixing PN sequence is separated from the multi-user signal. In order to separate M different sub-segments, which are corresponding to the M users, we can set
, and extract M sub-segments successively. Meanwhile, Schmitz orthogonality process is involved to make sure that at each time, the extracted sub-segment is unique and not obtained before. By blindly separating all array signal blocks for M times one by one and using hard decision to transform every extracted sub-segment into the binary sequence with values { 1, 1} , all sub-segments of the signal, denoted
, can be obtained. Then, these sub-segments can be used to estimating all the users' mixing PN sequences.
B. PN Sequences Estimation Based on Triple
Correlation Theory Although all sub-segments of M users' mixing PN sequences have been extracted in order by separating all signal block matrixes, the problems of uncertainty in amplitude and subordination are not solved. Moreover, the spreading codes and scrambling codes are not separated. In this section, a novel method will be proposed to overcome these problems and estimate all users' PN sequences through theoretical analysis and deduction.
The characteristics of shift-and-add and balance are the unique properties of m-sequences and are the most important theoretical basis of m-sequence estimation as well. The definitions and calculating methods of forward and backward triple correlation functions (TCFs) of msequences are given in reference [13] , and by denoting the forward TCF as ( , ) C p q , the backward TCF as ( , ) C p q , we have:
where, L is the cycle length of () mn . Let b n p , then there is 
From equation (12) 
where, 1, 2,3, , l nL , 1, 2,3, , tM , mod xy means finding the remainder of x after being divided by y .
The forward TCF of * () t n  is calculated as following
From reference [16] and equation (14) we can conclude, after double delay-and-multiply processing, the influence of the uncertainties in data symbols and fuzzy phases is wiped out. Meanwhile, all the feature information is kept within * ( , ) t C p q . As the scrambling code in the signal model is m-sequence, there must be some obvious peaks in * ( , ) t C p q according to the method introduced reference [13] . Finally, the methods in [14] and [15] are used to descramble the signal and estimate all users' spreading code.
C. The Main Steps of the Proposed Algorithm
According to section A and section B, the main steps of our proposed algorithm are as follows.
Step iM ) according to equation (13), and the corresponding 1 () t n  can also be obtained by equation (14) .
Step 3, find out all scrambling codes' cyclotomic cosets (we suppose there are J co-sets), and define the obtained co-set heads as the set { | 
Step 4, use equation (12) to reduce the effect of noise () wn on PN sequences estimation and enhance the accuracy of maximum value searching, then calculate equation (16) for each
Step 5, find out the maximum 1 () t C Φ and get the corresponding () t n  , which is the mixing PN sequence of the first user. By employing the method in reference [16] , the scrambling code can be estimated.
Step 6, wipe out all the sub-segments belonging to the first user in the sub-segments obtained in step 1, and reform
V t M
). The mixing PN sequence of the second user can be extracted and the scrambling code can also be estimated by repeating step 3 to step 5. Similarly, the mixing PN sequences and scrambling codes of other users can be obtained in the same way.
Step 7, use the method in reference [15] to descramble the signal and estimate all the spreading codes by applying the method in reference [14] .
D. Complexity Analysis
Complexity analysis of the proposed algorithm is presented. The complexity of Fast-ICA algorithm used to separate user's PN sequence is ( ( 
IV. SIMULATION & ANALYSIS
The correct probability of PN sequence estimation is used to evaluate the algorithm performance. In order to verify the effectiveness of the proposed algorithm in this paper, we use the OVSF codes with period 64 The influence of the number of users The number of users M is set as 2, 3, 4, 5, 6 respectively, the number of cycles is 100 Z , the curves of correct probability of the proposed method under different SNR i are shown in Fig. 1 . Fig. 1 . The correct estimation probability with different user numbers
As we can see in the Fig. 1 , when the number of users M is 2, 3, 4, 5, 6, and the probability of correctly estimating all users' scrambling codes reaches 99%, the needed SNR i is -12dB, -11dB, -10dB, -9.2dB, -8.5dB, respectively. When SNR i is the same, the more users the signal contains, the more errors the estimation of the subsegments of mixing PN sequences by using the Fast-ICA method has, and the worse the estimation performance the proposed method exhibits. Fig.  2 .
From Fig. 2 we can see, when the number of cycles of the received signal is 50 Z , 100 , 150 , 200 , and the probability of correctly estimating all users' scrambling codes reaches 99%, the needed SNR i is -7.2dB, -10dB, -11.6dB, -12.4dB, respectively. The longer the received signal is, the better performance our proposed method shows. Fig. 2 . The correct estimation probability with different length Experiment 3: Performance comparison Currently, there are very few comparable published methods concerning the blind estimation of PN sequences in multi-user LSC-DSSS signals, in order to further verify the performance of the proposed algorithm, we compare it with the method in reference [7] and reference [18] . Because of the disability of the comparative method in separating spreading code and scrambling code in reference [7] , only mixing PN sequences are extracted by this method. Set the number of users as 3 and 5 respectively, and the cycle number of the received signal containing as 100 Z , the correct estimate probability curves of the proposed method under different SNR i are shown in Fig. 3(a) . Set the number of users as 4, and the cycle number of the received signal containing as 100 Z and 150 respectively, the correct estimate probability curves of the proposed method under different SNR i are shown in Fig. 3(b) .
As it is illustrated in Fig. 3 (a) , when the number of users is 3 and SNR i is above -12.7dB or the number of users is 5 and SNR i is above -11.2dB, the proposed method exhibits higher correct estimate probability than the comparative method in reference [7] . While in Fig.  3(b) , the correct estimate probability of our method is higher than the comparative method in reference [7] when the number of cycles is 100 and SNR i is above -11.6dB or the number of cycles is 150 and SNR i is
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©2017 Journal of Communications above -13.5dB. Moreover, the two figures above show that the PN codes estimation performance of the proposed method is better than the comparative method in reference [18] . From the results we can conclude, our method's performance improves quickly and obviously with the lengthening of the signal and the increase of SNR i . As the chip assembling operation is used in the comparative method of reference [7] , there apparently will be more errors in the estimated sequences. Thus, the performance of the comparative method is improved negligibly with higher SNR i and larger samples of the signal. While in the comparative method of reference [18] , matrix filling error, sub-segments assembling error are existed. Therefore, we can conclude that the proposed method has a better performance of PN sequences estimation. Combining the independent component analysis and triple correlation theory, a new method of PN sequences separation and estimation for multi-user LSC-DSSS signals is proposed in this paper. Based on the periodicities of the spreading code and scrambling code, the received signal is segmented and built into the array signal block. The Fast-ICA algorithm is then utilized to separate the segments of the mixing PN sequences of different users. After that, triple correlation theory is involved to estimating every user's scrambling code, finally, the users' spreading codes are also estimated. The simulation results prove the validity of our method.
